Leptospira strains JICH 05 and INCIENSA 04 were isolated from hospitalized leptospirosis patients in the province of Puntarenas, Costa Rica. The isolates produced agglutination titres notably against members of serogroups Pyrogenes and Tarassovi, respectively, but appeared serologically unique in the cross agglutinin absorption test (CAAT). Therefore, JICH 05 and INCIENSA 04 were considered to represent two new serovars, designated Corredores and Costa Rica of the serogroups Pyrogenes and Tarassovi, respectively. Multilocus sequence genotyping revealed that both strain INCIENSA 04 and strain JICH 05 belong to Leptospira santarosai. These two new serovars are in addition to various other recently identified highly virulent serovars, including the new L. santarosai, serovar Arenal. Considering the fact that isolation and typing of leptospires from patients has only recently been introduced in Costa Rica, these findings suggest that various known and unknown virulent serovars of Leptospira are circulating in this country and probably beyond, thus posing a severe threat to public and probably veterinary health in the region.
INTRODUCTION
Leptospirosis is a worldwide zoonosis, which is particularly endemic in warm tropical and subtropical countries. It seems that in Costa Rica, located in Central America, the disease is highly endemic with a mean annual incidence of about 5 per 100 000 population during the period 1996-2005 (Costa et al., 2012) . Leptospires are transmitted to humans via contaminated mud and water or by direct exposure to the urine of infected animals usually during occupational, recreational, or other vocational activities.
Development of severe clinical disease might depend on both host-and causative agent-related factors such as immunological competence, age, physical condition and virulence of the infecting leptospires. The causative agents of leptospirosis belong to the genus Leptospira, which contains both saprophytic and pathogenic species (Levett, 2001) . A multitude of mammalian species can be carriers of pathogenic leptospires. Animals with subclinical infections as well as those that recover from the clinical disease may become a potential source of infection for other susceptible hosts, because they continue to excrete leptospires for a prolonged period of time (Faine, 1982; Faine et al., 1999) .
The isolation and identification of an infecting Leptospira strain is cumbersome and time consuming. Leptospires are fastidious bacteria that are difficult to isolate by in vitro culturing (Faine, 1994; Faine et al., 1999) . The initial identification of a Leptospira is morphological, by dark field microscopy. Definitive identification of the isolates requires the use of serological and molecular techniques (Brenner et al., 1999; Dikken & Kmety, 1978; Levett, 2003) . Based on serological criteria, strains of Leptospira are differentiated into serovars, which represent the basic taxon (Anonymous, 1984; Kmety & Dikken, 1993) . Serovars that are antigenically related are placed into serogroups. Serogroups do not have an official taxonomic status, but are of clinical and epidemiological importance (Levett, 2003) . Currently more than 200 pathogenic serovars have been arranged in 26 serogroups. The genotypical classification system is based on DNA homology. In this scheme, leptospires are placed into 20 Leptospira species of a pathogenic, saprophytic and intermediate nature (Brenner et al., 1999; Levett et al., 2006; Perolat et al., 1998; Yasuda et al., 1987) . There is a poor correlation between the serological and genotypic classification systems (Brenner et al., 1999; Yasuda et al., 1987) .
It is notable that in countries such as Costa Rica where leptospirosis is highly endemic and where research on circulating pathogenic Leptospira types is still in its infancy, it is likely that a wide variety of serovars have remained unknown.
In this paper, we describe two new leptospiral serovars isolated from the blood of severely ill leptospirosis patients in the canton Corredores, Costa Rica and discuss the implications for national public health.
METHODS

Description of patients
Case one. A 16-year-old man was hospitalized in the Ciudad Neilly Hospital, Corredores, Costa Rica with a 2 day history of fever, chills, back pain and myalgia. The patient was a school student who had been swimming in La Bonita Brook 15 days before the onset of symptoms. On the day of admission, his temperature was 37.3 uC; this rapidly increased to 39.9 uC in the next few hours. He had tachycardia (107 beats per minute) and his blood pressure was 127/ 77 mmHg. Clinical examination showed no important clinical signs or an infectious focus. Laboratory tests revealed normal hepatic enzymes, creatinine and ureic nitrogen values. The leukocyte count was 13.4610 3 ml 21 with 94 % polymorphonuclear cells. Urinalysis was normal and malaria blood smears were negative. Abdominal ultrasound was normal. Leptospirosis was confirmed by seroconversion in the microscopic agglutination test (MAT, see below) with the highest titre of 1 : 320 with serovar Tarassovi. Also the rapid screening test LeptoTek Dri Dot (Smits et al., 2000) gave a positive result (not shown). In addition, blood culture yielded a positive result.
The patient received treatment with penicillin for 7 days (2610 6 units four times a day) which resulted in a resolution of symptoms. Oral treatment with doxycycline was continued for 12 more days.
Case two. A 39-year-old man was hospitalized in the Ciudad Neilly Hospital, canton Corredores, Costa Rica with a 1 day history of fever, headache and myalgia. The patient had been swimming in the Corredores river 7 days before the onset of symptoms. On the day of admission, his temperature was 39.2 uC. and his blood pressure was 113/82 mmHg. Clinical examination showed no important clinical signs or an infectious focus. Laboratory tests revealed normal hepatic enzymes, creatinine and ureic nitrogen values. The leukocyte count was 10.3610 3 ml 21 with 87 % polymorphonuclear cells. Urinalysis was normal and malaria blood smears were negative. Abdominal ultrasound was normal. Leptospirosis confirmation was based on a positive culture obtained from a blood sample collected on admission. The same blood sample was negative in the MAT. A follow-up sample for confirmation by seroconversion in the MAT was not obtained.
The patient received 3 days of treatment with penicillin (2610 6 units four times a day) which resulted in a resolution of symptoms. Oral treatment with doxycycline was continued for 12 more days. (Faine, 1994; Faine et al., 1999; Hartskeerl et al., 2006) . For isolation, 0.1 ml aliquots of whole blood in heparin anticoagulant were inoculated into 6 ml EMJH culture medium. Incubation was at 30 uC and cultures were inspected by dark field microscopy for growth of leptospires at regular intervals. Isolates were sub-cultured and maintained in EMJH medium and in Fletcher medium supplemented with 5-fluorouracil (200 mgml 21 ) as a selective inhibitor for contaminating micro-organisms (Faine, 1982 (Faine, , 1994 Faine & Stallman, 1982; Faine et al., 1999; Hartskeerl et al., 2006) .
The MAT. The MAT was performed as per standard procedure (Anonymous, 1994; Dikken & Kmety, 1978; Hartskeerl et al., 2006) starting with a serum dilution of 1 : 20 up to 1 : 20 480. The highest dilution of serum showing 50 % reduction in free-moving leptospires under dark field microscopy was considered to be the end-titre. The panel that was used in the MAT consisted of the following serovars: Australis, Autumnalis, Castellonis, Bataviae, Canicola, Cynopteri, Grippotyphosa, Hebdomadis, Icterohaemorrhagiae, Copenhageni, Javanica, Panama, Pomona, Pyrogenes, Hardjo type Prajitno, Sejroe, Wolfii, Tarassovi and Patoc.
Serological typing
MAT with group sera and monoclonal antibodies. Rabbit antiLeptospira sera were raised following standard procedures (Anonymous, 1984) .
To identify the isolates up to serogroup level, MAT was performed following standard procedure using a panel of 43 anti-Leptospira rabbit reference sera (Dikken & Kmety, 1978; Hartskeerl et al., 2006) . Isolates were further typed at the serovar level by performing MAT with panels of monoclonal antibodies (mAbs) that characteristically agglutinate serovars from the serogroups Pyrogenes (F134C1, F134C2, F134C4, F134C5 and F134C6), Icterohaemorrhagiae, Sarmin and Javanica (F12C3, F20C3, F20C4, F52C1, F52C2, F70C4, F70C7, F70C13, F70C14, F70C20, F70C24, F70C26, F82C1, F82C2, F82C7, F82C8, F89C3, F89C12, F98C4, F98C5, F98C8, F98C12, F98C17, F98C19 and F98C20), Ballum (F74C1, F74C4, F74C7 and F74C12) , and Tarassovi and Shermani (F151C1, F151C6, F151C7, F151C8, F151C9, F151C13, F151C17, F151C19 and F151C20) as previously described (Alex et al., 1993; Hartskeerl et al., 2006; Korver et al., 1988) .
Cross agglutinin absorption test. The cross agglutinin absorption test (CAAT), which is the standard test for serovar determination, was carried out by staff of the Costa Rican Institute for Research in Nutrition and Health (INCIENSA) as described elsewhere (Anonymous, 1987; Dikken & Kmety, 1978; Hartskeerl et al., 2006; Kmety & Dikken, 1993) and included all recognized serovars from relevant serogroups (Leptospira Library, Royal Tropical Institute, 2012; http://www.kit.nl/Leptospira-Library, accessed 3 December 2012). CAAT was performed in duplicate and independently by two people to assure reproducibility and results were confirmed by staff of the WHO/FAO/OIE and National Leptospirosis Reference Centre, Amsterdam, The Netherlands.
Genetic characterization. Leptospira strains were propagated at 30 uC in EMJH culture medium. Genomic DNA was extracted, IP: 54.70.40.11
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For subsequent multilocus sequence genotyping (MLST), the DNA was amplified and sequenced as described elsewhere (Ahmed et al., 2006 (Ahmed et al., , 2011 Victoria et al., 2008) . DNA sequence alignments were generated with Vector NTI 10 software (Invitrogen). Phylogenetic analysis was conducted with molecular evolutionary genetics analysis (MEGA)5 software (Tamura et al., 2011) . One thousand bootstrap replications were used to assess the degree of confidence to be placed in the nodes. The tree was constructed by the neighbour joining method in JukesCantor mode (Tamura, et al., 2011) . Leptospira strains used in the MLST analysis are listed in Table 1 .
Ethics. This study is an integral part of the project 'Evaluation of the effect of decentralization of screening tests and culture media on the timeliness and quality of diagnosis and confirmation of cases of leptospirosis in Costa Rica', which has been reviewed and approved by the Ethical Committee of INCIENSA (IC 200308) . All presented data have been de-identified and are not attributable to individual patients.
RESULTS
Isolation
The cultures became positive after 2 weeks. The isolates were named strains JICH 05 (from case 1) and INCIENSA 04 (from case 2). Under dark field microscopy, strains INCIENSA 04 and JICH 05 showed typical Leptospira motility and morphology. The strains grew well in EMJH and Fletcher medium at 30 u C.
Serological characterization
Data generated by serological typing of strains INCIENSA 04 and JICH 05 are summarized in Table 2 .
Strain INCIENSA 04. Testing INCIENSA 04 against a panel of 43 rabbit anti-Leptospira sera to determine the major serogroups revealed that the highest agglutination titre (reciprocal titre ¢1280) was against serovar Pyrogenes of serogroup Pyrogenes. This was followed by reciprocal titres of 640 and 20 against serovars Kenya and Ballum, respectively, of the serogroup Ballum, a reciprocal titre of 320 against serovar Manhao 3 of the Manhao group, and a reciprocal titre of 80 against serovar Weaveri of the Sarmin group.
Subsequently strain INCIENSA 04 was tested with three panels of mAbs against serogroups Ballum, Pyrogenes and Sarmin. Agglutinating mAbs against serovars of the Manhao group are not available, hence mAb typing within this serogroup was not possible. None of the mAbs in the three panels agglutinated strain INCIENSA 04 (results not shown). This finding corroborates with the profiles of serovars Kenya and Peru of the Ballum group and Varela of the Pyrogenes group and thus is not conclusive. Cross agglutinations were performed to further investigate the identity of the serovar status of INCIENSA 04 using all reference strains and sera from the serogroups Ballum, Manhao and Pyrogenes.
No significant cross agglutinations (.10 % compared to the homologous agglutination) were observed with reference sera from the Ballum and Sarmin groups, virtually excluding the possibility that the strain belongs to any of these two serogroups. However, significant cross agglutinations were found with several serovars from the serogroups Manhao and Pyrogenes (Table 2 ). The serovar status is determined by serological features established by the CAAT. According to the definition of a serovar, two strains belong to different serovars if, after cross-absorption with adequate amounts of heterologous antigen, more than 10 % of the homologous titre regularly remains in at least one of the two antisera in repeated tests (Anonymous, 1987; Kmety & Dikken, 1993) . In the forward CAAT, i.e. reference sera absorbed with strain INCIENSA 04, residual titres of 25 % or higher were found ( Strain JICH 05. Applying the panel of 43 reference sera, JICH 05 showed the highest agglutination titres with serogroup Tarassovi, i.e reciprocal titres of 160, 320, 640 and ¢1280 for serovars Mogden, Rama, Tarassovi and Bakeri, respectively, with one additional reciprocal agglutination titre of 320 against serovar Shermani of the Shermani group. Subsequent serotyping with panels of mAbs against serogroups Tarassovi and Shermani generated agglutination profiles that did not correspond to any of the serovars in these serogroups ( Table 3) , suggesting that JICH 05 may also be an unknown serovar. Subsequent cross agglutination studies with all serovars of serogroups Tarassovi and Shermani revealed significant cross agglutinations with 17 serovars of the Tarassovi group only (Table 2) . All these serovars were tested in the forward CAAT. None of the obtained residual titres revealed sufficient similarity of JICH 05 with any of these reference serovars to warrant identification (Table 2) . This confirms its status as a new serovar.
Strains INCIENSA 04 and JICH 05 were named serovar Costa Rica and Corredores, respectively. Based on the highest titres in the serogrouping as well as the number of reference sera cross agglutinating with the newly isolated strains, serovars Costa Rica and Corredores are placed into serogroup Pyrogenes and Tarassovi, respectively.
Molecular characterization
Consistent with the pathogenic status, DNA from INCIENSA 04 and JICH 05 could be amplified in pathogenic-specific PCRs (Gravekamp et al., 1993; Victoria et al., 2008) . To determine the species of INCIENSA 04 and JICH 05, six loci of both strains were amplified and sequenced. Subsequently, sequences were used for MLST analysis including the known sequences of reference strains used in previous MLST studies (Ahmed , 2006, 2011) . The resulting phylogenetic tree is shown in Fig. 1 . Sequences of strain INCIENSA 04, serovar Costa Rica and strain JICH 05, serovar Corredores are highly similar but not identical and cluster within the species L. santarosai.
DISCUSSION
We describe the isolation and characterization of two novel Leptospira serovars isolated from Costa Rican patients.
The patients were admitted to the hospital with symptoms and signs compatible with severe leptospirosis. In one case, leptospirosis was serologically confirmed. The infection was probably acquired during swimming. Infection through water recreational activities is also highly probable for the second patient. However, the single sample collected from this patient was negative in the MAT and confirmation was merely based on the positive culture. Indeed, a positive culture provides proof of infection and is the actual gold standard in the laboratory case definition of leptospirosis (Goris et al., 2012) . Moreover, a negative MAT, notably on early acute single samples when antiLeptospira antibodies have not yet been produced in detectable amounts, is not exceptional. While MAT is often referred to as the gold standard or is used as the reference test, its diagnostic accuracy has been shown to be questionable, mainly due to a relatively low sensitivity (Goris et al., 2012; Limmathurotsakul et al., 2012) . The failure to detect agglutination by MAT in this patient might present one of the examples of a 'false' negative MAT outcome and stresses the need for testing paired samples.
The morphology and motility of INCIENSA 04 and JICH 05 under dark field microscopy were consistent for the genus Leptospira. Serological determination with various methods, including the CAAT, revealed that INCIENSA 04 and JICH 05 represent new serovars. We have denoted these serovars as Costa Rica and Corredores, respectively, after the country and the canton Corredores near the residence and location of infection of the patients. Serovars Costa Rica and Corredores have been placed into the serogroups Pyrogenes and Tarassovi, respectively, based on highest agglutinating titres against multiple serovars within these groups (Anonymous, 1987) . Cross agglutination titres for serovar Costa Rica were also found in the serogroups Ballum, Manhao and Sarmin, and for Corredores with Shermani. This intra-serogroup cross agglutination is not unique and can be explained by the serological similarity of several serogroups (Hartskeerl et al., 2006) .
MLST sequence analysis indicated that both strain INCIENSA 04, serovar Costa Rica and strain JICH 05, serovar Corredores belong to species L. santarosai, which is almost exclusively distributed in the Americas (Brenner et al., 1999) . Virulent Leptospira and public health impact are not locally confined, exotic serovars. Leptospira isolation from patients and typing of such isolates has been introduced only during the last decade at INCIENSA, and hence has been operational only for a short period. Therefore, these findings support our suspicion that several yet unknown serovars are circulating in Central America, as can be expected from a region that is highly endemic for leptospirosis (Brenner et al., 1999; Costa et al., 2012; Faine et al., 1999; Valverde et al., 2008) . Our findings might have a number of implications. Firstly, serovars Arenal, Costa Rica and Corredores were cultured from hospitalized and thus severely ill patients. Hence, these should be considered virulent serovars. Moreover, in the same period, a variety of other known virulent serovars, such as Copenhageni, Pomona, Canicola, Guaratuba, Rama and Claytoni have been isolated from Costa Rican patients (Ahmed et al., 2006) . This variety of virulent serovars identified in a short period during recent years may firstly imply that leptospirosis poses a serious threat to public health in Costa Rica and probably neighbouring countries, as reflected by high incidences of leptospirosis in the region (Costa et al., 2012) . Secondly, the relatively large proportion of unknown serovars might affect the sensitivity of the local MAT. This test performs optimally when using a panel of locally circulating serovars. The presence of unknown serovars implies the use of an incomplete panel of serovars in the MAT, resulting in the risk of missing patients by using this standard serological test, as occurred in case two. Indeed, while the panel of serovars used in the MAT included serovar Pyrogenes of serogroup Pyrogenes, the causative serovar Costa Rica of the same serogroup apparently differed too much to enable detection of antibodies generated against this reference serovar. It is thus conceivable that the use of an apparently suboptimal panel of serovars in the MAT implies an underestimation of the current (already high) incidence. These two consequences justify continuous research and surveillance on the distribution and risks of leptospirosis in the region and the improvement of the panel of strains for the MAT by adding locally relevant serovars.
Currently, infection reservoirs of serovars Costa Rica and Corredores have not been identified. Infection with both serovars was very likely to have been acquired by indirect transmission of leptospires excreted into surface waters. The environment of La Bonita Brook and the Corredores river makes it possible that it has been contaminated with urine of infected cattle and pigs. Therefore, it is tempting to speculate that these form the infection reservoirs of these new serovars. However, a variety of feral and (semi) domestic hosts cannot be excluded as the infection source at this stage, and further research on potential infection sources in the region will be needed to confirm or refute domestic animals as the main source of infection. The identification of a wide variety of serovars in a short time period is indicative of a variety of sources of infection.
Since infection only causes serovar-specific immunity (Faine et al., 1999) , multiple repeated infections with other serovars leading to disease seems realistic. This represents a severe threat to both public and veterinary health in Costa Rica and probably the whole of Central America and substantiates the need for continuous surveillance in the region. Fig. 1 . Phylogenetic tree of Leptospira strains based on sequences of six loci according to the MLST analysis. The evolutionary history was inferred using the neighbour joining method (Tamura et al., 2011) . Phylogenetic analyses were conducted using MEGA5 software (Tamura et al., 2011) . Codes of strains are listed in Table 1 .
